Abstract. We studied the distribution of litter in a shrubland of the Negev with a semi-arid Mediterranean climate of less than 200 mm of rainfall per year. Our focus was on the effects of litter on properties of landscape patches relevant to ecosystem processes (water runoff and soil erosion), annual plant community responses (seedling density, biomass production and species richness), and animal activity (soil disturbance by termites). Three 60-m transects, extending across a pair of opposing north-and south-facing slopes and their drainage channel, showed that litter accumulates not only under shrubs, but to a lesser extent also on the crusted inter-shrub open areas.
Introduction
Plant litter (dead plant material of small size lying loose on the ground; Facelli & Pickett 1991) , plays some important roles in terrestrial ecosystems. Besides being a resource for decomposers and a source of nutrients for plants, litter also modifies the local physical environment by providing cover, changing soil surface microclimate and increasing the availability of other resources, especially water (Tiedemann & Klemmedson 1973; Knapp & Seastedt 1986; Hamrick & Lee 1987; Zaady et al. 1996) . Thus, litter affects the distribution and abundance of organisms, as was shown for insects (Steinberger & Whitford 1985; MacKay 1991; Whitford et al. 1982 Whitford et al. , 1992 , plants (Tiedemann & Klemmedson 1973; Hamrick & Lee 1987; Fowler 1988; Facelli & Pickett 1991; Milton 1995; Aguiar & Sala 1997) , and soil micro-organisms (West 1990) .
The role of litter in ecosystem functioning has mainly been studied in environments where plant litter cover is spatially continuous. In contrast, in semi-arid shrubland litter tends to be concentrated in certain places amid areas without litter (West 1979) . In semi-arid shrubland in the northern Negev of Israel, shrub patches have a mound of loose litter and soil (Boeken & Shachak 1994) , while the intershrub areas are covered with a cyanobacterial crust (Zaady & Shachak 1994) . Though mostly bare, here and there litter accumulates on crusts as well. This patchy landscape structure makes semiarid shrubland suitable for studying the relationships between litter accumulation and ecosystem functioning.
In this paper we invesigate (1) how litter is distributed in relation to the existing patches within the landscape, and (2) how it affects the properties of the different patches. We assessed changes in patch properties in the form of physical ecosystem processes (runoff and soil removed with the runoff), plant community responses (productivity, seedling density, and species richness of annual plants), and animal responses (soil disturbance by the foraging activity of termites). Since such effects may be cumulative, we hypothesize that if litter accumulates on exposed crusted patches it has a larger effect than on patches already covered with litter. We used two approaches to study the importance of plant litter for ecosystem functioning: (1) a survey of the spatial distribution of litter among shrub and crust patches along transects across opposite slopes, and (2) an experiment with additions of plant leaf litter in specially designed enclosures containing pairs of a crust-and a shrub patch.
Methods

The field site
This study was carried out in Park Sayeret Shaked, west of Beer Sheva in Israel's northern Negev desert (31∞ 17' N, 34∞ 37' E). Long-term average rainfall in the area is 200 mm per annum, falling during the winter from November to March. Daily minimum winter temperatures average from 6 -8 ∞C and daily maximum summer temperatures average between 32 -34 ∞C (Stern et al. 1986 ). The soil is loess with 14 % clay, 27 % silt and 59 % sand, and is at least 1.1 m deep (Teomim 1990) . The dominant shrubs of the site are Noaea mucronata (Chenopodiaceae), Atractylis serratuloides (Asteraceae) and Thymelaea hirsuta (Thymelaeaceae) (FeinbrunDothan & Danin 1991 ). The site has over 100 species of annuals, geophytes and hemicryptophytes (Boeken & Shachak 1994 , 1998a .
On the slopes, the landscape is composed of two basic patch types, shrub patches and crust patches (Boeken & Shachak 1994; Zaady et al. 1996; Shachak et al. 1998) . Crust patches are flat soil covered by a biological crust, consisting of cyanobacteria, bacteria, algae, lichens and mosses (West 1990; Zaady et al. 1996) . The microphytes are embedded in a network of soil particle-binding polysaccharide strands produced by cyanobacteria (Zaady et al. 1996) . Shrub patches have a raised mound of loose soil of 3 -10 cm height, which is high in organic matter (Zaady et al. 1996) , and have a dense understorey of annual plants (Boeken & Shachak 1994) . Crust patches are only sparsely populated by annual plants (Boeken & Shachak 1994 , 1998a . Crust patches are sources for runoff, nutrients, soil and organic matter, for which shrub patches are sinks (Shachak et al. 1998; Zaady et al. 1996) . Seeds arrive on crust patches during dispersal, but most are moved by wind and runoff to the shrub patches, and to soil pits and mounds (Boeken & Shachak 1994 , 1998a .
Termite responses are included in the study since the animals are not only affected by litter presence, their main food source in drylands (Bodine & Uekert 1975; Johnson & Whitford 1975; Whitford et al. 1992 ), but they also alter ecosystem processes such as water infiltration (Elkins et al. 1986; Whitford et al. 1992 ) and sediment production (Elkins et al. 1986 ). This is due to the soil disturbances the termites cause while excavating and foraging. The termites of Park Sayeret Shaked (Anacanthotermes ubachi Navas; Kugler 1985) live in underground galleries, and emerge above-ground through small foraging holes to collect dry plant matter.
Patch type transects
Starting at random points at least 30 m from the channel on the northwest-facing slope used for the experiment, three parallel 60 m line transects were laid down the slope, extending up the opposite slope through the narrow drainage channel (Fig. 1) . Along the line transects, soil cover was recorded by noting transitions between three types of cover: exposed crusted soil surface, litter-covered soil surface, and shrub patches with soil mound and litter. Patches smaller than 10 cm either along or perpendicular to the transect were ignored.
Experimental procedures
On the north-west facing slope (5.5∞), we used plots of 1.0 m ¥ 0.5 m with a single crust and a single shrub patch, as our experimental units ('cells'). We constructed 35 cells along a hill slope, with their long side parallel to the slope and with the crust patch upslope from the shrub patch. As the source-sink relationships between crust patches as sources and the shrub patches as sinks were known (Shachak et al. 1998 ), the opposite arrange- South North ment (a shrub patch upslope from a crusted patch, or single shrub or crust patches) is meaningless for our research question. The shrub patch mounds occupied approximately 1/3 of the area of each cell. The cells were isolated from inputs of water and material along the ground in order to study rainfall-runoff-retention relations of the entire cell. To do this, the cells were surrounded by a PVC wall, with 5 cm out of 12 sunken into the ground. The enclosure also prevented seed arrival along the ground from outside, so that plant communities in the cells only result from local production, the wind-dispersed seed rain and within-cell redistribution. Dispersal along the ground and short-distance rain-dispersal, which are less prevalent in the species of this area (Boeken & Shachak 1994) , were blocked, while animal dispersal is rare. Downslope from each unit was a covered runoff collection funnel leading runoff water into a 10-l dug-in storage tank. The size of the experimental unit was chosen to generate measurable and manageable amounts of runoff (£ 10 l per rain event), with low risk of overflowing of the tanks (even on 02/12/1994 with 106 mm of rain). The seven treatments, Both-none (Control), Crustsingle, Crust-double, Shrub-single, Shrub double, Bothsingle and Both-double, consisted of additions in May 1994 of single or double amounts of litter to one, both or neither patch per cell, each with five replications. The amounts of litter added were 280 g (single) and 560 g (double), which resulted in a 0.5 and 1.0 cm thick layer covering the crust patches, respectively. The smaller amounts were similar to those found locally on crust patches. Amounts similar to the double amount occur rarely on crusted surface, but are common under shrubs, near trees and in depressions. There were no combinations of single litter addition to one patch and double to the other. As some of the added litter disappeared due to wind and animal removal and some decomposition, we supplemented litter cover throughout the summer and fall of 1994. Following the first winter rains (Nov. 1994) we discontinued litter supplementation, in order not to disturb deposited and germinating seeds. Further rainfall did not change the litter cover within the cells. Patches were monitored for 2 yr.
We used litter of fallen leaflets of Mesquite, Prosopis juliflora (Mimosaceae), a tree species commonly used in desert afforestation efforts in the USA (Fagg & Stewart 1994) and in the northern Negev. Leaf litter was collected in Sede Boqer, 50 km south of the research site. Soil, stones and other material were removed by sieving, We used leaflets remaining between 1.0 and 2.0 mm mesh sizes. No seedlings of species native to the research site were found in germination trials with the litter. This kind of litter does not have a strong soil acidifying effect, as leachates of P. juliflora litter were shown to have a pH value of 6.9 (Tiedemann & Klemmedson 1973) . No allelopathic effects of Prosopis are known, although Noor et al. (1995) found that leaf extracts of P. juliflora suppress germination and growth of some domestic crop species in laboratory experiments, and chemical compounds were found in some Prosopis species that have possible anti-herbivore qualities (Solbrig et al. 1977; Cates & Rhoades 1977) .
Data collection and analysis
The amount of water accumulated in the collection tanks of each experimental landscape cell is the net result of the portion of the rainfall on the crust patch (the source) not locally infiltrating and thus flowing as runoff within the cell, minus the portion absorbed into the shrub patch (the sink). Runoff is expressed in mm, as equivalent to rainfall. Preliminary runoff measurements in the winter of 1993/94 after construction in the autumn of 1993 but before adding litter, showed that the runoff amounts from the 35 cells were normally distributed (with mean 13.6% ± 1.2 SE), and that they were unaffected by the slight variation of shrub patch size within the cells (p = 0.228, r 2 = 0.044 in a linear regression). Two thirds of the runoff from crust patches is absorbed by shrub patches, as another experiment in the same watershed using similar cells demonstrated (Levacov 1997; Shachak et al. 1998) . After application of litter in the autumn of 1994, we measured runoff from all experimental cells after each of the five rain events of the 1994/1995 winter season (06/11/1994 with 18.5 mm, 15 /11/19/94 with 16.5 mm, 29/11/1994 with 24.0 mm, 02/ 12/1994 with 106.0 mm, and 21/12/1994 with 13.0 mm).
In March 1995, after maturation of the annual vegetation, we harvested the annual plant communities of the crust and shrub patches in the experimental cells. We measured the responses in terms of plant biomass and species richness to no, single and double litter addition. Before harvesting, seedling density was measured in January 1995 in crust patches only in the 25 cells with litter treatment of the crust patch. We excluded those cells with only litter treatment of the shrub patch. The densities of the two most abundant species, Stipa capensis and Plantago coronopus, and three other common species Reboudia pinnata, Trigonella arabica and Astragalus spp. were measured. All the less common remaining species were grouped into a single category 'other species'. Above-ground annual plant productivity per patch was determined by weighing total plant mass after drying at 55 ∞C for 48 h, sufficient to reach constant dry mass.
We estimated termite activity after the growing season in May 1995, using two indicators: termite foraging hole density, and loose soil production on the surface as a result of hole construction and maintenance. We collected, dried and weighed all loose mineral soil material on the soil surface, after removal of organic matter and stones. As the added leaf litter was free of soil, we assumed that the loose soil originated from termite digging activities. In order to identify differences among treatments, one-way ANOVAs (Sokal & Rohlf 1981) were performed on runoff amounts, and seedling density, biomass and species number, as dependent variables using treatments as the independent variable, followed by pairwise Scheffe's post-hoc tests (Anon. 1995) . Effects of litter addition treatments on runoff were tested in a oneway ANOVA on totals per cell, and with a repeated measures ANOVA per event. Plant and termite data were analyzed separately for crust and shrub patches within the experimental cells. The assumption of normal distribution of the data errors was tested using Lilliefors' probability method on residuals (Anon. 1995) . Where data were not normally distributed they were natural log transformed (Sokal & Rohlf 1981) . When normalization failed, as for seedling densities for some of the sparse species, Kruskal-Wallis tests were employed (Sokal & Rohlf 1981) .
Results
Litter distribution
There are large differences in litter and shrub cover along the three transects, and on different parts of the slope (Fig. 1) . Litter occurs not only on mounds under shrubs but also on the flat, crusted soil surface. Shrub patches have litter on the mound under the shrubs throughout the site. Litter covered the crusted intershrub surface in the lower parts of the slopes, but not at higher elevation (i.e. both slopes of transect A, the north-facing slope of transect C, and between the shrubs on the south-facing slope in transects B and C). In areas where there are many Thymelaea shrubs (transect B and the middle of transect C), litter mostly consisting of material from these shrubs, is more likely to cover the area between the shrubs. The cover is thicker and more continuous than elsewhere, where litter is mainly plant remains and seed awns of Stipa capensis. Under most of the litter the crust structure had disintegrated, as would occur after at least one winter season.
Ecological responses to litter addition
There were significant differences in total amounts of runoff per season among the treatments (F(6, 25) = 6.319, P = 0.0004; Fig. 2) , and among the runoff events and their interaction with treatments in a repeated-measures test (F(4, 100) = 31.719, P = 0.0001, and F(24, 100) = 6.064, P = 0.0001). Addition of litter caused a significant decrease in runoff relative to controls ('both-none') from 35 mm in the controls to less than 1 mm in the both-single and both-double treatment (P = 0.017 and 0.037, respectively, in post-hoc test with df = 28). Litter added to the crust or the shrub patch yielded intermediate amounts of runoff. The amount of litter supplied had no effect on mean runoff. These results indicate that litter addition (but not the amount) increases retention and local infiltration both on the crust patch and in the shrub patch, and that these effects are roughly additive.
Total density of seedlings (1200 -1600 m -2 ) in the crust patch was not significantly affected by litter additions (F(2, 22) = 1.535, P = 0.238; Fig. 3 ). The lack of significant effects was due to the large contribution to the seedling pool of the two abundant dominant species in all crust patches, Stipa capensis and Plantago coronopus, neither of which were affected by litter addition (F(2, 22) = 1.133, P = 0.340 and F(2, 22) = 0.566, P = 0.576, respectively; Fig. 3 ).
Mean seedling densities of the low-abundance species, Reboudia pinnata, Trigonella spp. and Astragalus spp., were higher in crust patches with litter addition. Kruskal-Wallis tests showed significant differences only for Trigonella spp. (P = 0.039, df = 2; Fig. 3 ), but seedling densities of all other species together were also significantly different among treatments (F(2, 22) = 5.432, P = 0.012), as were all sparse species pooled (F(2, 22) = 11.964, P < 0.001). These differences were due to differences between the patches with double addition with 280 seedlings/m 2 , and patches without cover with 80 seedlings/m 2 (P = 0.014).There were no significant differences for densely occurring species Large differences in biomass production in the crust patches were found between treatments without litter addition to the crust (control, shrub-single and shrubdouble) and with double litter addition to the crust (crustdouble and both-double) (F(6, 28) = 8.393, P < 0.001; Fig. 4A ). Mean biomass increased from ca. 110 g/m 2 without litter addition to ca. 135 g/m 2 with a single amount added to the crust, and ca. 235 g/m 2 with double addition to the crust patch. Amount of litter added to either shrub or crust patches had no signfiicant effect on biomass production despite the most abundant annual, S. capensis, contributing 50 % and 85 %, respectively, of the productivity.
Species number in the crust patches increased significantly with litter addition (F(6, 28) = 5.438, P = 0.001; Fig. 4B ). In contrast to biomass species richness rose whenever litter was added to the patch, irrespective of the amount. This is illustrated by the significant pairwise differences between the control and the bothdouble treatment (Scheffé test: df = 28, P = 0.041), and between the shrub-single and the both-double treatment (df = 28, P = 0.017). Species richness increased from ca. 10 species in crust patches with no litter, to 15 to 20 species in crust patches with litter added. In the shrub patches, species richness did not differ significantly among treatment groups (F(6, 28) = 1.400, P = 0.249), ranging between 20 and 30 species per patch on average. Litter addition to the crust had no remote effects on plant density, species richness nor biomass production in the shrub patches of the same cell. Termite activity, as estimated by termite foraging hole counts in the patch to which litter was added, increased significantly with litter addition, both in the crust patches (F(6, 28) = 11.208, P < 0.001; Fig. 5A ) where it rose from 20 holes/m 2 on bare crust to ca. 100 and 190 with single and double litter addition, and in the shrub patches (F(6, 28) = 2.526, P = 0.044; Fig. 5B ) where it more than doubled. In the shrub patches, large variation and overlap among treatments caused nonsignificant pair-wise differences. Loose soil amounts and foraging hole counts were positively correlated in both patch types (R = 0.893, P < 0.001 in crust patches and R = 0.750, P < 0.001 in shrub patches). 
Litter accumulation
Litter accumulates in all types of patches in this semiarid shrubland system, as it does in more mesic and temperate environments (Fowler 1986 (Fowler , 1988 Carson & Peterson 1990; Facelli & Carson 1991) , though with greater spatial patchiness. Litter was found not only under shrubs, but also, in the lower, flatter part of the slopes, between the shrubs where it covered crusted soil. The crust structure underneath the litter was usually damaged, as the field experiment also showed after litter addition. The absence of litter on the crust is correlated with the presence of termites, which are only found on the upper parts of the slopes (A. Wilby pers. comm.), suggesting that litter between the shrubs is removed by termites. However, runoff and wind may also be involved.
Ecological responses to litter additions
Our results demonstrate that the accumulation of litter on the different patches in this kind of shrubland influences a number of important ecosystem processes related to resource distribution and productivity. Secondly, we showed that litter has different effects when accumulating on shrub patches that already have litter or on bare crust patches. Thirdly, we also found that the various measured responses (runoff leakage and water retention, annual plant community productivity and diversity, and termite activity) are non-linear and differ from each other, which implies that they are not the result of a single process. Lastly, our findings show that the increase of plant biomass and species richness on the crust patch in response to litter addition was not at the expense of a simultaneous decrease in the shrub patch, but increased these parameters for the entire cell.
The different responses can be summarized in a schematic graph (Fig. 6 ) depicting the effect of the amount of litter cover in the patch, assuming that shrub mounds have a litter cover greater than double amounts on the crust. In the crust patch, litter addition caused a large increase in annual plant species richness (and seedling density of sparse species), while in shrub patches there were no significant increases. Double litter cover, and litter addition to the existing cover on soil mounds, add little to community composition and species richness.
On the other hand, plant biomass production only increased with addition of more than a single layer of litter, or on shrub mounds. Water retention seems to respond similarly to species richness (Fig. 6 ), but because runoff was measured per cell comprising both patch types, we infer two additive curves for water retention, one for each patch type. Water retention increased with litter addition per patch, irrespective of the amount, while adding it to two patches further increased it. Increased water retention by litter on crusted surface was already described by Dyksterhuis & Schmutz (1947), and Finkel (1986) . Our data show that water retention was even higher in response to litter addition to shrub patches than to the crust patches, indicating that litter cover of the mounds is one of the main factors making shrub patches such strong sinks for water (Shachak et al. 1998) . Shachak et al. (1998) and unpublished personal observations show that the water leaking from the cell is from runoff formed on the crust, which the shrub patches partly intercept, with no or very little runoff generated on the shrub mounds. Termite activity, in contrast to annual plant communities, responded to litter addition in the same fashion as water retention did, with no significant additional effect of doubling the amount of litter added to either patch.
The differences between species composition, species richness and water retention per patch on the one hand, and biomass production on the other, illustrates how litter addition affects different patch properties. Water retention and annual species richness in a patch, and density of rare species, are governed by the patch's ability to intercept runoff water and seeds, which is significantly enhanced by the presence of a loose layer of litter. Biomass production differed from water retention and species richness as it only increased with double litter addition. A possible explanation is that biomass production is limited in the single litter addition due to evaporative water loss. Double litter addition formed a continuous layer, which has been shown to reduce evaporation (Hamrick & Lee 1987) . Evaporation may not be reduced significantly by a single layer, as bare areas with intact crusted surface cover appeared due to small-scale litter redistribution and removal by termites. The importance of water and seed capture as a property differentiating between different patches is consistent with Boeken & Shachak's (1994 , 1998 findings in soil disturbances in the same shrubland. Termite responses to any addition appear to be the result of litter presence as a food source. The doubling of their activity, both as number of holes and as amount of soil deposited, indicates that they respond more or less linearly to litter quantity. Increased activity of termites in response to adding litter was also found in semiarid Australia, where density of termite galleries was correlated with litter cover (Whitford et al. 1992) . The correlation of termite activity with water availability may not be a causal one, in response to water availability, but not purely coincidental either. Soil disturbances such as the foraging holes on the exposed crust and the superficial crust disturbances under the remaining litter, greatly enhance the roughness and porosity for infiltration of rainfall (Elkins et al. 1986 ) and decrease runoff. In agricultural fields in the semi-arid Sahel (Mando et al. 1996) , termite activity was also one of the causes of increased hydrological conductivity of the soil when litter or mulch was added. Elkins et al. (1986) also found that termite activity in the Chihuahuan Desert increased water infiltration and decreased runoff in areas with only crust patches, but not in areas with shrub cover and litter. Thus, termite activity itself, in addition to being a response to litter addition, may be an important environmental factor determining patch properties, contributing to the effects of litter on water availability and on plant communities, at least on upper slopes.
Thus, the effects of litter on annual plant productivity and diversity at the scale of the entire landscape in a watershed depend, in addition to annual rainfall patterns, on the production of litter and the distribution and dynamics of the different types of patches. For shrub patches, depressions and crust patches, these dynamics consist of rates of formation, development and persistence of the patch (including shrub establishment and growth, soil disturbance regime and crust development), of local litter production by shrubs and annuals, and of accumulation and erosion of litter. If litter is retained on the crust and eventually shrubs establish, a shrub patch may develop. If litter is lost from a shrub patch, it may revert to a crust patch. Thus, litter accumulation and retention are intricately involved in switch mechanisms of patch formation and development (Wilson & Agnew 1992) .
Implications for arid shrubland management
Patch dynamics and litter production in semi-arid shrubland are to a large degree controlled by widespread human activities such as livestock grazing, shrub clearcutting and, in contrast, afforestation (Gillis 1992; Fullen & Mitchell 1994; Shachak et al. 1998) . Among other effects, these activities either create or destroy litter patches, and change the production, distribution and accumulation of litter in the landscape. As a consequence, management affects plant productivity and diversity of the shrubland.
On the scale of whole watersheds and larger, litter removal has been associated with desertification processes resulting from heavy livestock grazing and clearcutting in combination with climatic fluctuations (Sinclair & Fryxell 1985; Fullen & Mitchell 1994) . Reduced litter accumulation at the large spatial scale is also often linked to higher surface albedo, lower local thermal updrafts and thus lower local precipitation (Otterman 1974; Charney 1975) . On the other hand, dryland ecosystem management can have a positive contribution to restoring plant productivity and diversity and thus to arresting local desertification, mainly by encouraging litter production and accumulation and the creation of litter-capturing patches. Examples are afforestation and construction of small pits and mounds (Boeken & Shachak 1994) or larger catchments such as limans (Shachak et al. 1998 (Shachak et al. , 1999 , as are widely used in Africa, the Middle East and Central Asia at present. Whether raising litter production and accumulation will effectively reverse desertification processes without the negative effects of too much litter as in more mesic environments (Sydes & Grime 1981; Fowler 1986; Hamrick & Lee 1987) , will have to be tested in largerscale management experiments over a longer time span and a broad range of annual climatic conditions.
